Recently, we have shown that in-service repair of stiction failed MEMS devices is possible with structural vibrations. In order to further understand this phenomenon and better predict, theoretically, the onset of repair we have constructed an apparatus to determine the Mode I, II, and III interfacial adhesion energies of MEMS devices failed on a substrate. Though our method is general, we are specifically focused on devices created using the SUMMiT V process. An apparatus has been constructed that has 8 degrees-of-freedom between the MEMS device, the surface on which the device is failed, and a scanning interferometric microscope. Deflection profiles of stiction failed MEMS (micro-cantilevered beams 1500 microns long, 30 microns wide, and 2.6 microns thick) have their deflection profiles measured with nanometer resolution by the scanning interferometric microscope. Then non-linear elastic models are used in order to determine the interfacial adhesion energy between the failed microcantilevers and the surface. In this work we report the interfacial energies from Mode I and Mixed Mode I and II type failures. We also show further experimental results of repair of stiction failed MEMS and corresponding modeling results that use data from the Mode I and II experiments.
INTRODUCTION
One of the emerging fields of sciences that have generated interest is Micro-Electro-Mechanical Systems (MEMS). Micro electromechanical systems are a rapidly developing technology with a wide variety of applications. The integration of mechanical elements, sensors, actuators, and electronics on a common silicon substrate through microfabrication technology is MEMS. According to the functionality of the MEMS devices, it is very essential to fabricate them with long, compliant microstructures. The geometry of these MEMS devices result in high surface area to volume ratios and this makes them susceptible to adhesion failures [1] . The presence of capillary forces during the wet etching or release of sacrificial layers used to fabricate MEMS devices is able to pull the compliant microstructures into contact with their substrate [1] , [2] .
The presence of van der Waals, electrostatic, or chemical forces leads to permanent adhesion between the structures [3] which is commonly referred to as stiction failure. Stiction-failure is a phenomenon that occurs when two surfaces, in close proximity to each other, adhere together with an adhesion force large enough to prevent separation without external intervention. Due to stiction's wide spread affect on the industry, several different approaches have been studied the stiction phenomenon using MEMS structures. Leseman et al [4] developed a technique for measuring the adhesion energy of stiction failed microcantilevers using the cantilever beam peel test. Mastrangelo and Hsu [5] , [6] , [7] calculated the adhesion energy associated with stiction-failure of the shortest beam in an array by developing theoretical and experimental methods. de-Boer and Michalske [8] worked on this phenomenon and calculated the adhesion energy by developing a fracture mechanics model. Jones et al [9] extended their work on this phenomenon by developing the models and experiments by subjecting the microcantilevers to mechanical point loading.
We have shown that in-service repair of stiction failed MEMS devices is possible with structural vibrations [10] . In order to further understand this phenomenon and better predict, theoretically, the onset of repair we have constructed an apparatus to determine the Mode I, II, and III interfacial adhesion energies of MEMS devices failed on a substrate. Though our method is general, we are specifically focused on devices created using the SUMMiT V process. This paper presents a method to determine the Mixed Mode I and II interfacial adhesion energy in addition to Mode I interfacial adhesion energy which was done earlier [4] .
THEORY
Micro-cantilever beams will fail in one of two failure modes, arc or s-shaped [5] . Here our focus is going to be on sshaped stiction failed microcantilever beams. In-order the derive an equation to calculate the strain energy release rate for Mixed Mode I and II it is important to understand the concept of Mixed Mode I and II. In Mode I type of crack, only a tensile stress will be acting normal to the plane of the crack where in Mixed Mode I and II type of crack, a shear stress will be acting parallel to the plane of the crack and perpendicular to the crack front.
Figure 1: The beam in its deflected form
The cracked part of the beam can be considered as shown in Figure 1 , having the forces and moments shown acting at both ends. Using the free body diagram as shown in Figure 2 , the moment at a point (x, y) of the beam is found as
According to beam theory, the differential equation governing the beam deflection is given by
Equation (2) is a second order non-homogeneous differential equation. By solving the beam's differential equation, the deflection of the beam can be found having the magnitude of the forces and moment acting on it. This equation has the general form as equation (3).
In these experiments, both ends of the beam are to be remain horizontal. During the deflection the right end of the beams is moved in the positive ‫ݔ‬ direction after being raised to a height of ℎ. Thus, the four boundary conditions for the studied beam are as follows:
Figure 2: Free body diagram of the beam
The constants of equation (3) as well as ‫ܯ‬ and ܲ can be found by applying the boundary conditions.
ܲ = ‫ܧ‬ ℎ ‫ܫ‬ ‫ݐ‬ ଷ sinh(‫)ݐݏ‬ 2 − 2 cosh(‫)ݐݏ‬ + ‫ݏ‬ ‫ݐ‬ sinh(‫)ݐݏ‬ (8) As it is seen the only unknown to be determined is ‫"ݐ"‬ which is a function of ‫"ܨ"‬ . In order to find F we need to solve the 
The engineering strain of the beam can be expressed as
In which ‫ܮ‬ is the initial length of the beam and the integral part calculates the length of the beam after deflection. Having all of the constants defined the deflection of the beam can be found using Equation (3). According to [11] , the elastic strain energy stored in the beam can be defined as
Using a linear elastic fracture mechanics method developed by de-Boer and Michalske [8] The crack driving force [4] is found as the strain energy release rate.
In this equation w is the out of plane width of the beam. Solving for G using equation (3), the strain energy release rate is obtained as equation (13).
The way these equations are derived makes them applicable to mixed Mode I and II type crack growth as well as Mode I. Again, this solution differs from previous work in that it considers development of a longitudinal force.
EXPERIMENTAL SETUP
The proposed experimental setup is capable of measuring the Mode I, Mode II and Mode III interfacial adhesion energies of MEMS devices failed on the substrate. We have constructed an apparatus that has 8 degrees-offreedom (DOF) between the MEMS device, the surface on which the device is failed, and a scanning interferometric microscope. The construction of apparatus consists of a base plate on which a Piezo XYZ stage is mounted vertically with the support of linear stage. The piezotranslator stage (3 DOF) has motion in x, y and z directions. It moves 200 µm distances each in x and y directions and a 20 µm in z-direction. The linear stage attached to the piezotranslator stage is used for the coarse motion of the stage. As the size of a piezotranslator stage is large such that it does not fit under the scanning interferometric microscope used, a T-bar is machined and fixed to the piezotranslator stage such that it fits under the interferometric microscope and give sufficient rigidity such that vibrations do not affect the experiment. Two linear stages (2 DOF) are stacked and fixed to the base plate, on which a pair of goniometers (2 DOF) is mounted. And the Veeco scanning interferometric microscope is capable of tilting (1 DOF) by an angle. Thus the apparatus is designed such that the experimental method uses the 8 DOF that are available between the MEMS device, the surface on which the device is failed, and a scanning interferometric microscope.
Figure 3: Experimental setup showing the apparatus designed to fit under the Veeco Interferometer

Figure 4: Experimental setup with 8 degrees-of-freedom
EXPERIMENTAL PROCEDURE
Though our experimental method is general, we are specifically focused on devices created using the SUMMiT V TM process. We used microcantilevers fabricated at Sandia National Laboratories. The Sandia SUMMiT V Process uses a specific set of fabrication processes to make MEMS devices by surface micromachining [12] . The structural material is polysilicon deposited by LPCVD. The sacrificial material is SiO 2 , also deposited by LPCVD. Other parts of the process sequence include plasma etches (RIE) for small parts of the devices and a wet etch for certain parts (hubs). The final release step is a wet etch using HF acid. Sandia Ultra-planar Multi-level MEMS Technology (SUMMiT V) uses 5 levels of polysilicon and sacrificial oxide layers & 14 photolithography steps. At the end, it has 1 ground plane and 1 electrical layer 4 Copyright © 2009 by ASME with 4 mechanical layers. This process is capable of making devices up to 12 µm high with large stiffness and robustness. Figure 5 shows the physical layout of the SUMMiT V material layers.
Figure 5: Showing the physical layout of SUMMiT V Material Layers with 5 levels of poly Si layer thicknesses and 4 levels of sacrificial oxides layer thicknesses. (Courtesy of Sandia National Laboratories, SUMMiT TM Technologies, www.mems.sandia.gov)
The dimensions of the micro-cantilevered beams used in our experiments are 1500 µm long, 30 µm wide and 2.6 µm thick.
Experiments are performed under the scanning interferometric microscope which can measure the deflection profiles of stiction failed MEMS with 3 nanometer resolution. The apparatus constructed with 8 degrees of freedom was fixed on the motorized linear stages of the Veeco scanning interferometric microscope. The proposed experimental method for measuring the Mode I and Mixed Mode I and II interfacial adhesion energies for stiction failed MEMS devices uses an array of microcantilever beams attached to a T-bar that is fixed to a piezotranslator stage which has displacements in the x, y, and z directions. The piezotranslator stage is mounted vertically with the help of a linear stage which has coarse motion. This linear stage is used to keep the microcantilevers well above the substrate. The piezotranslator stage is used to accurately control the vertical displacement of the microcantilevers with respect to a polysilicon substrate. The polysilicon substrate is attached to a pair of goniometers that are fixed on stacked linear stages that position the substrate in a plane parallel to that of the microcantilevers. These linear stages are used to bring the substrate close enough to the T-bar and below the microcantilever array. The samples are imaged using the scanning interferometric microscope. The top-view of the microcantilever beams placed above the substrate is shown in Figure 6 . Once the Polysilicon substrate is brought below the microcantilevers the motorized linear stages of Veeco interferometric system is used to bring the substrate and microcantilevers in to the field view of the scanning interferometric microscope. Now the microscope is adjusted such that the substrate and microcantilevers are well focused. The microcantilever array is aligned parallel to the interferometric microscope using the tilt of the microscopic head. The polysilicon substrate is then aligned parallel to the microcantilever array using two goniometers. These goniometers are very essential to properly align the substrate parallel to the microcantilever beams as they have tilt rotation in two directions. Once the alignment is over, the linear stages or goniometers are not disturbed. Beam profiles can be viewed and monitored with the scanning interferometer software and thus crack lengths are measured.
Figure 6: shows the top-view of the microcantilever beams placed above the substrate
EXPERIMENTAL CONCEPT FOR MODE I
Figure 7: Schematic representation of experiments for Mode I s-shaped beam
Proper alignment of the experimental setup is a multistage process. Initially, microcantilever beams are attached to the Piezotranslator stage supported T-bar. When these microcantilevers are brought in to the focus many fringes are seen due to the non-parallel condition of the scanning interferometer microscopic objective to the microcantilevers. Proper adjustments are then made to the interferometer microscopic objective, in order for the objective to be parallel to the microcantilevers. Next substrate is brought in to the field view of the objective, goniometers adjustments are then made until the substrate is parallel to the objective. Once the alignment is over, the linear stages or goniometers are not disturbed. Following the alignment the microcantilevers are positioned within several micrometers above the substrate. The substrate to which the microcantilevers were placed into contact was of the same polysilicon material as the beams.
Under wet contact conditions, the resulting stiction is an s-shaped failure [4] , and the procedure for wet contact stiction failure is as follows. The alignment of microcantilevers is done as previously described. The microcantilevers are lowered to within 2-3 µm of the substrate then a drop of liquid DI water was then placed on the h s x y Moves incrementally in ‫ݕ‬ direction Fixed position substrate, which wicked into the gap between the beams and the substrate. As the water drop dries, capillary forces pull the microcantilevers into contact with the substrate over a considerable length of the microcantilevers. After the water dried, the microcantilevers were raised by 50nm increments using the piezotranslator stage. The beams start peeling from the substrate as its ends were raised. Thus, the free length of the microcantilevers grows. The crack length was known from the scanning interferometric software and the standoff distance between the substrate and microcantilevers is measured at vertical displacement increments of 100 nm. Crack length is measured before and after increment. The vertical displacement of the beams was directly read from the piezo stage controller and thus the crack length and vertical displacement are used in calculating the Mode I interfacial adhesion energies for s-shaped stiction failures. The arrest value for the critical strain energy release rate is found.
EXPERIMENTAL CONCEPT FOR MIXED MODE I & II
Figure 8: Schematic representation of experiments for Mixed Mode I and II s-shaped beam
The alignment of the microcantilevers is same as we did for Mode I type experiments. Same procedure of Mode I experiments is followed until the microcantilevers fail on the substrate by adding a drop of water. Once the microcantilevers are in contact with the substrate they are raised to a certain height by moving in the ‫-ݕ‬direction and are kept constant. Now after raising to a certain height, fixed end of the microcantilevers are pulled in ‫-ݔ‬direction with increments of 100 nm by using the piezotranslator stage. After raising the fixed end of the beam in y-direction the value is noted from the piezo stage controller and by moving the fixed end of the beam in ‫-ݔ‬direction, the crack length is measured before and after increment as we did for Mode I experiments. Here again the arrest value for the strain energy release rate is found. Thus the crack length and height of the microcantilever beam raised above the substrate is used calculating the strain energy release rate for Mixed Mode I and II as per the equation (13).
EXPERIMENTAL RESULTS
With the apparatus designed, Mode I experiments and Mixed Mode I & II experiments were carried out. A set of 27 microcantilevers with lengths of 1500µm are used for these experiments. After raising the fixed end of the beam to a certain height as mentioned in the experimental procedure, the crack length is measured before and after increments. By using the equation (13), the strain energy release rate for Mode I was calculated and was found to be in good agreement with the previous studies [4] , when the longitudinal force is allowed to go to zero. Previous models have not included the longitudinal force; including this force, and its corresponding moment, is more rigorous.
The strain energy release rate, G value obtained by the formulation developed here, approaches the value found by de-Boer et.al. [8] , as the tensile force approaches zero (Mode I). A closer study using the developed model, revealed that a tensile force as large as ‫ܨ‬ = .763 ݉ܰ is developed in a 172 ߤ݉ long beam, when one end is raised 1.8 ߤ݉, as in the case of Reference [8] . This force develops a tensile stress of ߪ ௫ = 11.06 ‫.ܽܲܯ‬ Since 1.8 ߤ݉ height is very small relative to the length of the beam and polysilicon is a highly stiff material, the effect of longitudinal force may not be very obvious. Yet as the displacement increases this effect becomes more important.
For Mode I type of experiments, experimental data revealed that the crack length does not change continuously as shown in Figure 9 . The adhesion between the two surfaces tries to keep the crack from growing monotonically. The longitudinal forces that are developed in the beams are plotted in Figure 10 . As shown in Figure 11 , these forces result in strains close to 0.1% at which brittle materials would fail. These experimental results indicate that the longitudinal forces can be very important and should not be ignored. Using the equation (13) the average value of G obtained by considering the tensile force supported by the beam in Mode I type crack growth was found to be 14.06 ‫݉/ܬ݉‬ ଶ . A similar set of microcantilevers were used for mixed Mode I and II type experiments. The vertical displacements were measured by the piezo stage used for Mode I. By incrementing a displacement in horizontal direction, the arrest value of the crack length was measured before and after the each increment. The total crack length growth was a result of two subsequent growths, one due to the vertical lifting of the beam (Mode I) and the other one due to the subsequent horizontal displacement of it (Mode II). The height above the substrate was measured to be 113ߤ݉ and the crack length was found to be initially 833ߤ݉. Using the experimental values obtained for mixed mode crack growth, the strain energy release rate was found to be 51.33 ‫݉/ܬ݉‬ ଶ and the phase angle is 50.43 o . It should be mentioned that these experiments were carried out in a cleanroom, at humidity levels of below 45% and at a temperature of 21.6 o C.
CONCLUSION
This paper presents a new experimental method to determine Mode I and mixed (Mode I & II) interfacial adhesion energies for wet contact stiction. The values obtained for Mode I are in good agreement with the previous studies. A theory is presented for the determination of the critical strain energy release rate for Mixed Mode I & II. The theory we developed to measure the strain energy release rates for mixed Mode I and II can also be applied to Mode I experiments. Note that this theory differs from previous work in that it considers the development of a longitudinal force in the microcantilever. A strain energy release rate was determined for a Mixed Mode I & II experiment under specific conditions. The experimental setup described herein can be used to determine Mode I, II, and III critically strain energy release rates as well as mixed mode cases of the three. 
